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Abstract 

Alternatives to the traditional grand unified theory seesaw for neu- 
trino masses are briefly described. These include the possibility of large 
extra dimensions and various possibilities for models involving an extra 
U{lY gauge symmetry. The difficulty of observing Majorana phases in 
neutrinoless double beta decay is also briefly commented on. 



1 Introduction 

• The GUT seesaw 

• Large Extra Dimensions 

• Extra C/(l)'s 
Implications of [/(!)' for Neutrino Mass 
Primordial Nucleosynthesis 

• Natural Decoupling of the i/^ 

• A Comment on Majorana Phases in Neutrinoless Double Beta Decay 



2 The GUT Seesaw 

The grand unified theory seesaw model is an elegant mechanism for generat- 
ing small Majorana neutrino masses, which leads fairly easily to masses in the 
correct range. It also provides a simple framework for leptogenesis [2] , in which 
the decays of heavy Majorana neutrinos produce a lepton asymmetry, which 

* Presented at Neutrinos and Implications for Physics Beyond the Standard Model, Stony 
Brook, October 2002. 
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is later partially converted to a baryon asymmetry by electroweak sphaleron 
effects. 

However, the expectation of the simplest grand unified theories is that the 
quark and lepton mixings should be comparable and that the neutrino mixings 
(i.e., the mismatch between the neutrino and charged lepton mixings) should be 
small, rather than the large mixings that are observed. This can be evaded in 
more complicated GUTs, e.g., those involving "lopsided" mass matrices [3], in 
which there are large mixings in the right-handed charge —1/3 quarks (where it 
is unobservable) and in the left-handed charged leptons; those with complicated 
textures |3] for the heavy Majorana neutrino mass matrix; or in Type II seesaw 
models involving a Higgs triplet , but the need to do so makes the GUT seesaw 
concept less compelling. Furthermore, a number of promising extensions of the 
standard model or MSSM do not allow the canonical GUT seesaw. For example, 
the large Majorana masses needed are often forbidden, e.g., by extra 11(1)' 
symmetries predicted in many string constructions and some GUTs. Similarly, 
it is difficult to accomodate traditional grand unification (especially the needed 
adjoint and high dimension Higgs multiplets needed for GUT breaking and the 
seesaw) in simple heterotic string constructions. Such constructions also tend to 
forbid direct Majorana mass terms and large scales. Finally, the active-sterile 
neutrino mixing required in the four-neutrino schemes ^ motivated by the 
LSND experiment |S] is difficult to implement in canonical seesaw schemes. 

For all of these reasons it is useful to explore alternatives to the canonical 
GUT seesaw with small Dirac and/or Majorana masses. 

In this talk I will briefly describe some possible alternatives. These include 
large extra dimensions [H], which can lead to small (volume-suppressed) Dirac 
masses ^JE]; models involving an extra U{iy gauge symmetry broken at the 
TeV scale, for which small Majorana masses can be generated by an extended 
"TeV" seesaw mechanism ^21; models in which small masses (Dirac, Majorana, 
or both) are generated by higher dimensional operators, such as can occur if 
an extra U{iy is broken at an intermediate scale and the implications 

of a U{iy X C/(l)' gauge symmetry, which can lead to the decoupling of a 
TeV-scale Z' from right-handed neutrinos lyji^. I also mention a new detailed 
calculation of big bang nucleosynthesis constraints on [/(I)' models involving 
Dirac neutrinos 16 , which motivate the need for z^^ decoupling, and comment 
on the possibility of observing Majorana phases in neutrinoless double beta 
decay [ni- 

3 Large Extra Dimensions 

The possibility of extra space dimensions is suggested by string/M theory, which 
implies 5 or 6 new dimensions, and by bottom- up motivated brane world scenar- 
ios. These could all be very small, with radii R of order the inverse Planck scale 

^It is difficult to accomodate the data in such schemes. See, for example, ref 
Other directions include loop-induced masses '14' or masses associated with i?-parity 
breaking in supersymmetry I15[ . 
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R ~ l/Mpi, where Mpi = I/VSttGjv ~ 2.4 x 10^* GeV. However, it is possible 
that at least some of them are larger [5] . A major motivation is the hierarchy 
problem, i.e., why is Mpi so much larger than the electroweak scale? One pos- 
sibility is that the true fundamental scale of nature, Mp, is much smaller than 
Mpi, e.g., Mp ^ 1 — 100 TeV, and that there are 6 roughly comparable extra 
dimensions with a volume Vs ~ that is very large compared to Mp^ (note 
that this introduces a new hierarchy problem to explain why R is so large). 
Gravity is modified on scales smaller than R, so that 



For Mp = 100 TeV, this implies R ~ 10® cm for (5=1, which is clearly excluded, 
or i? 5 X 10~^ cm for 6 = 2. These ideas could be implemented in a brane 
scenario in which the gravitons propagate in the extra-dimensional bulk, and the 
other matter fields are confined to four-dimensional branes. The implications for 
the production or exchange of gravitons and their Kaluza-Klein excitations (of 
mass k/R, fc = 1, • • •) at colliders as well as in cosmology and supernovae have 
been studied extensively |18| . Cavendish-type laboratory experiments imply 
that the largest extra dimension is smaller than around 0.02 cm jSj, with a 
future sensitivity to around 0.005 cm. 

A number of authors (lOj have discussed the implications of large extra 
dimensions for neutrino masses in a scenario in which one extra dimension is 
much larger than the other S ~ 1 (but still allowing the other dimensions to be 
much larger than Mp^). The idea is that sterile (S'[/(2)-singlet) neutrinos Nl,r 
could propagate in the bulk along with gravitons, with other matter confined 
to the brane"^. One of the Np becomes the right-handed partner of an active 
(S'[/(2)-doublet) neutrino on the brane. The advantage is that the Dirac mass 
coupling the active neutrino to its partner is suppressed by a volume factor, so 
that it is naturally small, i.e.. 



where h is a Yukawa coupling and v is the electroweak scale. For h ^ 1 and 
Mp ~ 100 TeV this yields m^i around 10^^ cV. Unfortunately, no light is shed 
on the family structure, mass hierarachy, or mixings. In addition to predicting 
a small (or even too small) Dirac mass, such schemes predict the existence of 
Kaluza-Klein excitations of the sterile Nl,p, with masses around k/R, k = 1,- ■ ■. 
For R~^ > 0(1 eV), for example, R < O(10~^ cm). These excitations are sterile, 
leading to the possibility of oscillations of active neutrinos into these sterile 
states. Unlike most other schemes for active-sterile oscillations 6 , however, 
there is a conserved lepton number, at least in the simplest versions, so that 
there would be no neutrinoless double beta decay'*. 

•^This does not occur in most specific string constructions, liowever. Ratiier, tlie are 
generally confined to branes. 

*Active-sterile oscillations require the existence of two types of mass terms of comparable 
magnitude: the Higgs-generated Dirac masses coupling active and sterile states, and mass 
terms connecting sterile neutrinos. In most other models, the latter are given by Majorana 
masses, but in the present case they are the lepton number-conserving Kaluza Klein masses. 



M|,; = Mj+^Vs > Mj,. 



(1) 



niD ^ hvMp/Mpi 



(2) 
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Some of the early papers attempted to interpret the atmospheric and/or 
Solar neutrino oscillations as active into sterile. This is no longer viable in view 
of Superkamiokande, MACRO, and SNO data. Also, some authors have com- 
bined the notion of small Dirac masses from large dimensions with Majorana 
mass terms generated by some other mechanism. In we analyzed a minimal 
viable scheme in which there are three active neutrinos on the brane and three 
sterile neutrinos, with their towers of Kaluza-Klein excitations, in the bulk, and 
in which the only mass terms in the effective four-dimensional theory were the 
lepton number conserving but naturally small Dirac masses and the Kaluza- 
Klein masses. The Solar and atmospheric neutrino oscillations were assumed to 
be primarily due to the dominant active-active oscillations. The only roles of 
the extra dimensions were (a) to provide a natural explanation for small Dirac 
masses (but not to explain the details of the mass hierarchy and mixings), and 
(b) to allow subdominant active to Kaluza-Klein sterile transitions as a pertur- 
bation. Results from reactor, accelerator. Solar, and atmospheric experiments 
were used to constrain the amount of active-sterile mixing, and therefore to 
bound the radius R of the largest dimension in these schemes. The results in 
Tabled taken from ^I], assuming hierarchical, inverted, and degenerate mass 
patterns, are quite stringent. For the hierarchical scheme, R > 8.2 x IQ-^ cm 
and 1/R < 0.24 eV, with stronger constraints for the other mass patterns. These 
limits are stronger than those obtainable in Cavendish type experiments (which, 
however, are still relevant in schemes not involving sterile neutrinos in the bulk), 
and weaker than but complementary to constraints from cosmology |20| and su- 
pernova energy loss [SJ . 

One of the motivations of the study was to generalize the marginally-successful 
3-1-1 schemes proposed to accomodate the LSND results, with multiple 
sterile states. However, despite the large number of sterile Kaluza-Klein exci- 
tations, this simplest scheme cannot accomodate the LSND results because of 
cancellations between the effects of mixings with the sterile states in the three 
Kaluza-Klein towers. More complicated schemes are still possible |11|. 



Table 1: Upper bounds on R (cm) at 90% c.l. and the corresponding lower 
bounds on 1/R (eV) from various measurements. 



Experimental Bounds 


Experiment 


Hierarchical 


Inverted 


Degenerate 




(cm, eV) 


(cm, eV) 


(cm, eV) 


CHOOZ 


(9.9 X 10-^0.02) 


(3.3 X 10-^0.60) 


(1.8 X 10-^10.9) 


BUGEY 


none 


( 4.3 X 10-5,0.46) 


(2.4 X 10-^8.3) 


CDHS 


none 


none 


(5 X 10-^4) 


Atmospheric 


(8.2 X 10-^0.24) 


(6.2 X 10-5,0.32) 


(4.8 X 10-^4.1) 


Solar 


(1.0 X 10-^0.02) 


(8.9 X 10-5,0.22) 


(4.9 X 10-6,4.1) 
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4 Extra [/(l)'s 



Additional heavy Z' gauge bosons j23 are predicted in many superstring ^5] 
and grand unified [21] theories, and also in models of dynamical symmetry 
breaking ||25j. If present at a scale of a TeV or so they could provide a solution^ 
to the [I problem |22] and other problems of the minimal supersymmetric stan- 
dard model (MSSM) [2H|- This can be implemented in both supergravity 
and gauge-mediated models of supersymmetry breaking [211 • Current limits 
from collider |3U[ 1311 and precision [321 experiments are model dependent, but 
generally imply that Mz' > (500 — 800) GeV and that the Z— Z' mixing angle is 
smaller than a few x 10^^. A Z'could be relevant to the NuTeV experiment 
and, if the couplings are not family universal |34l , to the anomalous value 
of the forward-backward asymmetry A^p^ |35| . Earlier hints of a discrepancy 
in atomic parity violation (36) have largely disappeared due to improved calcu- 
lations of radiative corrections |37j- ^ ^' lighter than a TeV or so should be 
observable at Run II at the Tevatron. Future colliders should be able to observe 
a Z' with mass up to around 5 TeV and perform diagnostics on the couplings 
up to a few TeV |3H1. 

The Eq grand unified group contains two extra U{1)' factors, one or both 
of which could survive to low energies. However, canonical grand unification is 
unlikely to lead to a TeV-scale Z' because (a) there is no special reason for the Z' 
to be light without a second fine-tuning, (b) chiral colored scalars with masses 
at the Z' scale would mediate too rapid proton decay unless the Eq Yukawa 
relations are broken. The latter could occur if the larger group were broken by 
underlying string or higher-dimensional effects. In any case, Eq U{iy models 
are generally viewed simply as examples of anomaly-free U{iy gauge couplings 
for the ordinary particles and for the new exotic particles that are typically 
present in [/(I)' theories, and not as full grand unified theories |39| . 

Detailed quasi-realistic heterotic jjtO, and open-string 021 constructions 
(including the analysis of the relevant flat directions 031) usually lead to addi- 
tional U{iy gauge factors and associated exotic chiral supermultiplets. These 
typically survive to the TeV scale |211 ^, although some flat directions allow 
breaking at an intermediate scale (e.g., 10^^ GeV) if the spectrum of the theory 
allows breaking along a F and Z?-flat direction '50', IK* . The Z' couplings are 
typically family- nonuniversal, which could have implications for A^'pg |32j . and 
lead to associated flavor changing Z' and (including Z — Z' mixing) Z cou- 
plings '34'. The experimental constraints from K and /i decays imply that the 
couplings of the flrst two families are most likely universal, but non-universality 
for the third family could be of importance for B and r decays, as well as leading 
to second order effects in K decays, \i 3e, etc. 

^This has the advantage of not introducing the undesirable domain walls generally found 
in the NMSSM I2SI . in which the effective /i term is generated by the expectation value of a 
new standard model singlet but there is no U{1)' gauge symmetry. 

^The natural expectation is M^i ~ Mz- A TeV scale Z'can occur by a moderate tuning of 
parameters 1271 1391 |40I . or more naturally if the breaking would occur along a direction that 
becomes fiat in the limit in which a small Yukawa coupling vanishes i44i . 
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5 Implications of U{iy for Neutrino Mass 



Let Vfi be a sterile (5f7(2)-singlet) neutrino. This would be the ("right-handed") 
partner of an ordinary [SU (2)-doublet) neutrino for a Dirac neutrino or the 
superheavy Majorana neutrino in a seesaw model In four-neutrino inter- 
pretations of the LSND experiment, there must be significant mixing between 
the vl and the left-handed CP-conjugate of the vr, requiring Dirac mass terms 
to connect the doublet with the singlet and also mass terms^ to connect two 
singlets (or two doublets). These must both be small and comparable. 

If the lyji in a model with an electroweak or TeV-scale Z' carry a non- 
zero U{iy charge, then the C/(l)' symmetry forbids them from obtaining a 
Majorana mass much larger than the [/(I) '-breaking scale. This would forbid a 
conventional neutrino seesaw model (Ij . 

In this case, it might still be possible to generate small Majorana masses 
for the ordinary (active) neutrinos by some sort of TeV-scale seesaw mechanism 
in which there are additional mass suppressions jl2| . in schemes in which the 
masses are suppressed by supersymmetry breaking j4fi| . or schemes involving 
a superheavy Higgs triplet 03 E]. Another possibility is that there are no 
Majorana mass terms, and that the neutrinos have Dirac masses which are 
small for some reason, such as volume suppressions in theories with large extra 
dimensions |10[ [TT] or other suppression mechanisms |48[ HH] . 

A small Dirac mass could also arise due to higher dimensional operators 
associated with an intermediate scale In the 11(1)' context these could 

occur if an extra U{iy is associated with a potential which is F and D flat 
at tree level, with the flatness lifted by higher dimensional operators or loop 
effects (For the present application, a second U{iy could survive to low 

energies). For example, if there are two standard model singlet fields whose 
expectation values would break the J7(l)' and which have opposite signs for 
their J7(l)' charges®, then F-fiatness would imply a tree level potential 

V{S,,S2) = mj\Sf\ + ml\Sl\ + ^(|5?| - |^||)^ (3) 

where g' and Q' are the ?7(1)' gauge coupling and charge (assumed equal and 
opposite for simplicity), and mf are their soft mass-squares, assumed to be of 
the order of the supersymmetry breaking (and electroweak) scale rrigoft- For 
mf < but nil + "^2 > Oj the minimum occurs for (Si) ~ rUsoft and (5*2) = 0. 
However, for + < 0, the minimmn occurs along the Z3-fiat direction 
(Si) = {S2) = (S), for which 

ViS) = m^\S% (4) 

^In most models these are Majorana. However, it is also possible to introduce lepton- 
number conserving singlet-singlet mass terms, as in the case of the simple large extra dimension 
constructions. 

^Whether such pairs actually occur in a given string construction, for example, depends 
on the flat directions of the construction and on the model I4UII41||42I . 
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where — ml + m^ < 0. This potential appears to be unbounded from below. 
However, the potential will be stabilized by loop corrections, which will cause the 
mf to become positive at a high enough scale, and/or by higher dimensional 
operators, so that S obtains an expectation value at an intermediate scale, 
e.g., 10^^ GeV. Neutrino (and other fermion) masses could be generated by 
higher dimensional operators in the superpotential. For example, the operators 
(suppressing family indices) 



could lead to small Dirac neutrino masses. In (jsj, the hats refer to superfields; 
H2, Ll, vI, and S are respectively the up- type Higgs doublet, the lepton dou- 
blet, the left-handed CP conjugate of the vr, and a singlet field; M is the Planck 
scale, and Pd are nonnegative integers. For (5) ^ and Pd > 0, where (S) 
is the vacuum expectation value of the scalar component of S", this implies a 
suppressed Dirac mass. Variants of the model, e.g., not involving a low energy 
U{iy or in which the vji is not charged, can also lead naturally to a scenario 
with significant ordinary-sterile neutrino mixing 13^ . as suggested by LSND. 

6 Primordial Nucleosynthesis 

In the purely Dirac case, there are six nearly massless two-component neutri- 
nos, the three active vl and their partners vr. Such light Dirac neutrinos (i.e., 
with mass less than an eV or so) in the standard model or MSSM are essen- 
tially sterile, except for the tiny effects associated with their masses and Higgs 
couplings, which are much too small to produce them in significant numbers 
prior to nucleosynthesis or in a supernova. However, the superweak interac- 
tions of these states due to their coupling to a heavy Z' (or a heavy W in the 
SU{2)l X SU{2)r X U{1) extension of the standard model) might be sufficient 
to create them in large numbers in the early universe |49[ I50j . The implica- 
tions of such interactions were worked out qualitatively by Steigman, Olive, 
and Schramm |49j . At high temperatures the would have been produced by 
the Z' interactions. However, assuming that the Z' is heavier than the W and 
Z and that the Z — Z' mixing is small, the i^r decoupled earlier than ordinary 
neutrinos. As the temperature dropped further, massive particles such as heavy 
quarks, pions, and muons subsequently annihilated, and the light quarks and 
gluons were confined at the time of the quark-hadron phase transition, reheating 
the ordinary neutrinos and other particles in equilibrium, but not the vr. Thus, 
when the temperature dropped to a few MeV the amount of extra relativistic 
energy density associated with the vr would be somewhat suppressed. Their 
contribution is usually parametrized by the number AiV^ of additional active 
neutrinos that would yield the same contribution to the energy density. Addi- 
tional relativistic energy density would increase the expansion rate, leading to 
a larger prediction for the primordial "^He abundance. The observed amount is 
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still rather uncertain, but typical estimates of the upper limit on ATVi, are in 
the range AA^^, < (0.3 - 1) |^. 

Recently, the first complete calculations of this effect were made, for the ex- 
ample of the [/(!)' charges in Eq models, for various assumptions concerning the 
quark-hadron transition and the Z — Z' mixing ^. The Eq model actually 
involves two t/(l)' factors, and it was assumed that only one linear combina- 
tion of the charges survived to low energies. For most of the cases the Z' mass 
and mixing constraints from nucleosynthesis are in the multi-TeV range, and 
are much more stringent than the existing laboratory limits from searches for 
direct production or from precision electroweak data, and are comparable to the 
ranges that may ultimately be probed at proposed colliders. They are qualita- 
tively similar to the limits from energy emission from Supernova 1987A but 
somewhat more stringent for AN^, < 0.3, and have entirely different theoretical 
and systematic uncertainties. 



7 Natural Decoupling of the vji 



Both the nucleosynthesis and supernova constraints can be evaded if the 
does not couple to the Z'. This can in fact occur naturally in classes of models 
in which one combination of the two /7(1)' charges is broken at a large scale 
associated with an F and D-R&t direction , leaving a light Z' which decouples 
from the lyR^^. 

To illustrate this, consider the Eq couplings. The two C/(l)' factors are 
referred to as f/(l)x, associated with 5*0(10) SU{5) x U{1)^, and U{1)^, 
corresponding to Eq ~f 50(10) x U{1)^. Each family contains two standard 
model singlet fields, vr and an 5O(10)-singlet sl- One can also add to the 



model pairs of vr + and sl 
terms of the potential are 



sl from 27 + 27*-plets. Then, the C7(l)' D 



+ 



2 

^'2 



2V10 
1 



,~, 1 2 



I,-,* 1 2 



4\S 



(6) 



where the tildes represent scalar fields, a sum over each type of scalar is implied, 
and I have assumed equal gauge couplings for simplicity. The potential is clearly 
D-fiat for {vrI'^ = {v'^l'^ = |z>p and |slP = js^P = |sp. I wiU assume that the 
potential is also i^-flat along the this direction. The potential along the flat 
directions is then 

V{,),S)^rnl\,)'\+ mil's' \, (7) 

in analogy with |0J, where m? and m| are respectively the sum of the mass- 
squares of the ur and v^, and of the sl and s^. In particular, for m| > 

^Earlier estimates, cited in llbl . did not consistently include the effects of all of the particles 
present at a given temperature on the ur interaction rate. 

^"A large Majorana mass for the un may still be forbidden in the model. 
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and m| < the breaking will occur along the D-flat direction for = jj/^j 
very large, with the potential ultimately stabilized by loop corrections or higher 
dimensional operators. However, since m| > 0, sl and '^iH acquire (usually 
different) TeV-scale expectation values not associated with the flat direction. 
For arbitrary expectation values, the Z' mass terms are 

For the breaking pattern described above, this will imply that Z2 = — ^^^ Z^ + 
-^gZ^ will acquire a superheavy mass, while the orthogonal combination Zi = 
■^^Z^ + 2^10 ^^ ^^^^ remain at the TeV scale. Zi decouples from vn and 
therefore evades the nucleosynthesis and supernova constraints. One can even 
generate a small Dirac mass from higher dimensional operators associated 
with the Z2 scale^^. This mechanism applies to more general U (1)' x U (1)' mod- 
els, indicating that small Dirac masses are allowed provided certain conditions 
on the soft scalar mass squares are satisfied. 

8 A Comment on Majorana Phases in Neutri- 
noless Double Beta Decay 

It is well known that if the neutrinos are Majorana, then the effective Majorana 
mass 

3 

Mee=Y.^e^mi, (9) 

1=1 

where U is the neutrino mixing matrix and rrii is the Majorana mass eigen- 
state, is observable in neutrinoless double beta decay (/3/9oj/)- For Majorana 
neutrinos, U contains two additional CP-violating Majorana phases not observ- 
able in oscillation experiments, in addition to the phase analogous to the one in 
the quark sector JS] . In principle these can be observable in jSP^^ if one knows 
the masses and mixing angles from other sources. 

Unfortunately, it is unlikely that a significant measurement can be made 
with forseeable techniques 17 . To illustrate this, let us assume maximal at- 
mospheric mixing and neglect J7e3 (relaxing these assumptions does not change 
the conclusion). Then, in a basis for which mi < m2 < TO3, one finds 

Mee — |c^mi -I- s^m2e*'^| , (normal), 

= |c^m2 +s^m3e*"*| , (inverted), (10) 

for the normal and inverted hierarchies |I53) . respectively, where c and s are the 
cosine and sine of the Solar mixing angle and (p is the Majorana phase. Proposed 

^^At least one vn per family should have a positive mass-squared to avoid large lepton- 
Higgsino mixing. 
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/3/3oi/ experiments will mainly be sensitive to the inverted hierarchy or to the 
normal hierarchy in the case that the masses are nearly degenerate and large 
compared to the splittings. In principle, one could determine (j) from sufficiently 
precise measurements of M^e, rrii, and the Solar mixing angle. However, it is 
shown in jl7j that even for extremely optimistic assumptions one will not be 
able to distinguish a nontrivial phase from or tt at better than la (it may 
be marginally possible to distinguish from tt). The biggest problem is that 
Mee is extracted from a nuclear transition rate involving a matrix element that 
must be taken from theory. Even assuming a breakthrough in reliability to a 
50% theoretical uncertainty (from the present factor of 3 the resulting 

50% error on Mee will lead to the discouraging result described above. (This 
can easily be seen, e.g., by taking a fixed Solar mixing in the LMA region and 
assuming nearly degenerate masses.) 
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